Rab8 is a GTPase involved in membrane trafficking. In photoreceptor cells, rab8 is proposed to participate in the late stages of delivery of rhodopsin-containing post-Golgi membranes to the plasma membrane near the base of the connecting cilium. To test the function of rab8 in vivo, we generated transgenic Xenopus laevis expressing wild-type, constitutively active (Q67L), and dominant negative (T22N) forms of canine rab8 in their rod photoreceptors as green fluorescent protein (GFP) fusion proteins. Wild-type and constitutively active GFP-rab8 proteins were primarily associated with Golgi and post-Golgi membranes, whereas the dominant negative protein was primarily cytoplasmic. Expression of wild-type GFP-rab8 had minimal effects on cell survival and intracellular structures. In contrast, GFP-rab8T22N caused rapid retinal degeneration. In surviving peripheral rods, tubulo-vesicular structures accumulated at the base of the connecting cilium. Expression of GFP-rab8Q67L induced a slower retinal degeneration in some tadpoles. Transgene effects were transmitted to F1 offspring. Expression of the GFP-rab8 fusion proteins appears to decrease the levels of endogenous rab8 protein. Our results demonstrate a role for rab8 in docking of post-Golgi membranes in rods, and constitute the first report of a transgenic X. laevis model of retinal degenerative disease.
INTRODUCTION
Vertebrate rod photoreceptors are highly polarized neurons. They possess a light-detecting organelle, the rod outer segment (OS), which is separated from the cell body (the inner segment [IS] ) by a connecting cilium (CC) and is composed of a stack of rhodopsin-containing membranous disks. OS membranes are continuously renewed (Young and Droz, 1968) . Amphibian rods synthesize photosensitive membranes at an extremely high rate, estimated at 3.2 m 2 /min/ cell for Xenopus laevis (Besharse et al., 1977; Besharse, 1986) . Amphibian rods are an excellent system for studying neuronal membrane transport, because the components involved are likely to be hypertrophied to accommodate high synthetic rates. Furthermore, rods are sensitive to trafficking disruptions; mutations in the rhodopsin gene that disrupt a sorting signal result in IS accumulation of rhodopsin and cause retinitis pigmentosa (Berson 1993; Sung et al., 1994; Deretic et al., 1998; Tam et al., 2000) .
Eukaryotic cells possess complex mechanisms to control membrane trafficking between intracellular compartments. Rab proteins are highly conserved GTPases involved in trafficking, although their role is obscure. The human genome contains genes encoding at least 60 rab family members (Bock et al., 2001) , each of which may participate in a different trafficking pathway (Novick and Zerial, 1997) . Rab8 and rab6, as well as other GTP-binding proteins, are associated with rhodopsin-containing post-Golgi membranes isolated from frog photoreceptors (Deretic et al., 1995; Deretic and Papermaster, 1993) . Peptides derived from the effector region of rab6 (Deretic, 1998) and the C terminus of rhodopsin inhibit the formation of rhodopsinbearing post-Golgi membranes in vitro. Rab8 may participate in a subsequent step, because it is localized near the base of the CC (Deretic et al., 1995) . By analogy with other cell types and the yeast homologue sec4p, rab8 is likely to be involved in transport between the TGN and the plasma membrane (Goud et al., 1988; Huber et al., 1993a,b) .
Rhodopsin is synthesized within the IS and transported on membranes that bud from the TGN and fuse with the plasma membrane near the CC (Papermaster et al., 1985 (Papermaster et al., , 1986 Deretic and Papermaster 1991) . In amphibians, this region of membrane is folded into ridges and grooves, forming the periciliary ridge complex (PRC; Peters et al., 1983) . Amphibian rods may require this membrane modification to accommodate high rates of membrane turnover. After docking at the PRC, rhodopsin is immediately transported to the OS, most likely via the CC plasma membrane; IS plasma membrane concentrations of rhodopsin are normally low (Papermaster et al., 1985) .
An in vitro assay for rab8 function in rods would be difficult to construct, requiring isolation of large quantities of PRC membrane, with cytoplasmic surfaces accessible to assay reagents. Therefore, we decided to study rab8 function in ROS membrane trafficking in vivo, by expressing enhanced green fluorescent protein (GFP)-rab8 fusion proteins in X. laevis rods under control of the X. laevis opsin promoter (Batni et al., 1996) . In addition to a wild-type rab8, we used dominant negative (rab8T22N) and constitutively active (rab8Q67L) mutants of canine rab8 previously characterized in cultured BHK fibroblasts (Peränen et al., 1996) . GFPrab8T22N is predicted to have a higher affinity for GDP than GTP (Peränen et al., 1996) , whereas GFP-rab8Q67L is predicted to have decreased GTPase activity (Walworth et al., 1992; Richardson et al., 1998) . We expected that canine proteins would function adequately in frog retinas because the rab8 gene is highly conserved. We chose X. laevis photoreceptors because rhodopsin transport has been rigorously studied in amphibians, X. laevis rods are large and easily visualized by light microscopy, and transgenic X. laevis are easily generated (Kroll and Amaya 1996; Knox et al., 1998; Moritz et al., 1999) .
Numerous transgenic X. laevis tadpoles expressing each fusion protein in rods were generated. Several were raised to sexual maturity, which led to the analysis of transgene effects on F1 offspring. We used histologic techniques, including confocal, electron, and immuno-electron microscopy to study the effects of GFP-rab8 fusion protein expression. Finally, the effect of rab8 fusion protein expression on endogenous rab8 expression was investigated by Western blot. The results demonstrate a significant role for rab8 in docking of rhodopsin-bearing vesicles to the PRC membranes.
MATERIALS AND METHODS

Constructs.
Plasmids for generating transgenic X. laevis were constructed from the previously described canine rab8 mutant and wild-type cDNAs (Peränen et al., 1996) . The cDNAs were cloned into the EcoRI/XhoI sites of the previously described vector XOPeGFP-C1 (Moritz et al., 1999) , which uses a 5.5-kb fragment of the X. laevis rhodopsin promoter (Batni et al., 1996) to drive expression of GFP fusion proteins in rod photoreceptors. The resulting fusion proteins consisted of rab8 fused to the C terminus of GFP.
Transgenic Frogs and Tadpoles. Transgenic X. laevis were generated by the method of Kroll and Amaya (1996) , modified as previously described (Moritz et al., 1999) . Transgene constructs were linearized with the restriction enzyme NotI. We used microscopes equipped with standard epifluorescence optics, GFP filter sets, and a digital camera to identify transgenic tadpoles by their green fluorescent eyes and to obtain images of their eyes. Tadpoles were raised at 18°C on a 12 h:12 h light:dark cycle and initially were housed 1 per well in standard 24-well dishes in 0.1ϫ Gerhardt's ringers (Wu and Gerhart, 1991) . After 14 d, tadpoles were transferred to 4-liter tanks containing 0.1ϫ Gerhardt's ringers and fed a 50:50 mixture of powdered NASCO frog brittle (Fort Atkinson, WI) and powdered frog chow (Rangen, Buhl, ID).
Confocal Microscopy. Eyes from transgenic tadpoles were fixed in 0.1 M sodium phosphate, pH 7.5, containing 4% paraformaldehyde. The eyes were embedded in OCT medium and 14-m sections were cut with a cryostat and collected on glass slides. Sections were permeablized and labeled with Texas red-wheat germ agglutinin conjugate (TR-WGA; Molecular Probes, Eugene OR), and Hoechst 33342 nuclear stain (Sigma-Aldrich, St. Louis, MO) as previously described (Tam et al. 2000) . Alternatively, sections were labeled with Hoechst 33342 and antirhodopsin mAb mabE as previously described (Moritz et al. 1999 ) with a Cy3-conjugated goat anti-mouse secondary antibody (Jackson Immunoresearch, West Grove, PA). Sections were imaged with the use of a Zeiss 410 laser scanning confocal microscope (Carl Zeiss, Thornwood, NY). Digital images were prepared for publication with Adobe Photoshop 5.0 software (Adobe Systems Inc., San Jose, CA). Use of contrast enhancement and manipulation of gamma was avoided.
Electron Microscopy Epoxy Resin Embedding for Conventional Electron Microscopy.
One hour after light onset, tadpoles were fixed in 1% glutaraldehyde/4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.5, for a minimum of 2 d. The eyes were removed, and postfixed in 1% osmium tetroxide/0.8% potassium ferricyanide in 0.1 M cacodylate buffer, pH 7.4, for 60 min. After en bloc staining with 1% aqueous uranyl acetate for 1 h, the tissue was dehydrated through graded ethanol solutions to absolute ethanol, 50% propylene oxide/50% Polybed 812 epoxy resin (Polysciences, Warrington, PA) and 100% Polybed 812. Blocks were cured at 60°C for 48 h. Sections 100 nm in thickness were mounted on Formvar films and poststained with 2% aqueous uranyl acetate and Sato's lead citrate.
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Resin Embedding for Immuno-electron Microscopy. Tadpoles were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, for a minimum of 2 d. The eyes were dehydrated in a series of graded ethanol solutions and infiltrated and embedded at 4°C in LR White acrylic resin (Ted Pella, Inc., Irvine, CA) after the manufacturer's procedures.
Immunocytochemistry. Grids were incubated in 0.1 M Tris buffer, pH 7.5 (TB), for 5 min, followed by a 10-min block in 4% normal goat serum (NGS), and incubated 15 min in 20 mM glycine in TB. Grids were then exposed to either polyclonal anti-GFP antibody (Clontech, Palo Alto, CA) diluted 1:200 or antirhodopsin mAb 11D5 (Deretic and Papermaster, 1991) diluted 1:5000 in 1% NGS in TB for 30 min. Grids were washed in TB and incubated with secondary antibody conjugated to 10 nm colloidal gold (APBiotech, Uppsala. Sweden) (anti-GFP was labeled with goat anti-rabbit IgG; 11D5 with goat anti-mouse IgG). After washing with TB followed by 0.1 M phosphate buffer, bound antibodies were fixed by incubation in 2% glutaraldehyde for 15 min, followed by a distilled water rinse. Grids were poststained with 2% aqueous uranyl acetate and Sato's lead citrate.
Western Blot Analysis. Western blots were performed on stage 51-54 tadpole retinas. One eye isolated from each animal was triturated in 100 l of SDS sample buffer with fresh ␤-mercaptoethanol with the use of a 1-ml pipette tip. After 1 h at room temperature in this buffer, homogenates were centrifuged briefly to remove undis-O.L. Moritz et al. Molecular Biology of the Cellsolved tissue. Supernatants were diluted and samples corresponding to 1/8 of a retina were separated by SDS-PAGE and transferred to Immobilon membranes (Millipore, Waltham, MA) . Half of the blot was probed with antirab8 antibody (BD Transduction Laboratories, San Diego, CA) diluted 1:500, and the other with anti-GFP antibody (Clontech) diluted 1:1000. Bound antibodies were detected with the use of the ECL Western Blotting Detection System (APBiotech). The expression of detected antigens was quantified with the use of Multianalyst software (Bio-Rad, Hercules, CA).
RESULTS
Transgenic X. laevis Production
In a typical experiment, ϳ50 transgenic tadpoles expressing GFP-rab8 fusion proteins in their rod photoreceptors were generated from 2500 injected eggs. This yield paralleled prior experience with tadpoles expressing GFP in rods, a protein that is well tolerated by these cells (Moritz et al., 1999) . However, as previously described (Moritz et al., 1999) , the majority of tadpoles died before developing into mature frogs, most likely because of genomic damage sustained during the transgenesis procedure. The number of animals that survived to maturity was extremely variable. We obtained 1 sexually mature male that transmitted the transgene encoding the wild-type GFP-rab8 fusion protein (GFPrab8WT) to its offspring (founder A), 1 mature male and 1 female that transmitted the GFP-rab8Q67L transgene (founders B and C) and 2 mature males that transmitted the GFP-rab8T22N transgene (founders D and E). However, because young transgenic tadpoles were easy to generate and because they develop mature retinas by 2-3 weeks after fertilization, much of the characterization of each transgene's effects was done with the use of primary transgenics, before the availability of the breeding adults.
In Vivo Observation of Fusion Protein Expression
As judged by the fluorescence emitted from the eyes of the transgenic tadpoles, the expression levels of GFP-rab8WT and GFP-rab8Q67L encompassed a similar broad range. However, relative to GFP-rab8WT and GFP-rab8Q67L, the fluorescence emitted from the eyes of the GFP-rab8T22N animals was always extremely faint. Fluorescence first appeared in the eyes at developmental stage 42 (Nieuwkoop and Faber, 1994) or 5 d postfertilization (dpf). By stage 44 (6 dpf) fluorescence peaked in the GFP-rab8T22N eyes. When the focus of the dissecting microscope was altered such that the individual photoreceptors were visible through the lens of the eye (Moritz et al., 1999) , the GFP-rab8T22N retinas always had a nonuniform pattern of fluorescence. Fluorescence gradually decreased until it was undetectable by this method in 90% of the GFP-rab8T22N eyes by stage 48 (14 dpf), suggesting rod cell death was occurring. In contrast, the fluorescence emitted from the eyes of GFP-rab8WT tadpoles was generally uniform and usually seemed to increase slightly and then remain constant over the same period.
Localization of Fusion Proteins by Confocal Microscopy
Three tadpoles of each type that reached developmental stage 51-54 (6 weeks old) were selected for further analysis by confocal microscopy. Frozen sections were cut from paraformaldehyde-fixed eyes. Sections were labeled with antirhodopsin mAb mabE, which specifically labels the major rod photoreceptors of the X. laevis retina (Witt et al., 1984) and with Hoechst 33342 to visualize nuclei. As previously described (Knox et al., 1998; Moritz et al., 1999) , the X. laevis rhodopsin promoter drove expression of fusion proteins exclusively in photoreceptors that labeled with mabE antirhodopsin ( Figure 1,A , B, and G). None of the three retinas of GFP-rab8WT primary transgenics showed signs of retinal degeneration, whereas two of three GFP-rab8Q67L primary transgenics had retinal degeneration at this late stage. GFPrab8Q67L tadpoles that developed retinal degeneration expressed the fusion protein at higher levels than those without retinal degeneration, as judged by the intensity of fluorescence in cryosections (see also Figure 3 ). Expression levels in GFP-rab8WT animals were as high or higher than in GFP-rab8Q67L. In the case of the GFP-rab8T22N transgenics, all three tadpoles had retinal degeneration. This retinal degeneration was more pronounced than that seen with GFP-rab8Q67L, extending farther toward the periphery of the retina. A more detailed analysis of these degenerations will be presented elsewhere (Moritz, unpublished results) . Some green fluorescent rods survived at the periphery of these retinas. Similar results were subsequently obtained with retinal sections from F1 offspring of mature transgenic frogs mated to wild-type partners.
Cryosections were also labeled with TR-WGA, which labels glycosylated membranes, including Golgi, postGolgi, and plasma membranes of the IS and rod OS membranes (Virtanen et al., 1980,; Wood and Napier-Marshall, 1985) . The distribution of GFP-rab8WT was nonuniform and appeared to be associated with a subset of intracellular membranes. Overlapping signals from GFP-rab8WT and TR-WGA confirmed that GFP-rab8WT was localized to Golgi and post-Golgi membranes, although a portion of the fusion protein remained in the cytoplasm, but did not materially enter nuclei (Figure 1, C and D) . This type of distribution would be expected for rab8, which is membrane associated via a geranyl geranyl moiety (Joberty et al., 1993) and is thought to cycle between membraneassociated and cytoplasmic forms. In many cells, a bright spot of GFP-rab8WT fluorescence was observed just below the OS, near the base of the CC and the PRC. GFPrab8WT was also observed in the interior of calycal processes ( Figure 1J ), actin-containing microvillar structures that surround the base of the OS of amphibian photoreceptors. Some GFP-rab8WT localized to axially aligned structures in the IS, also consistent with association with actin microfilaments (Deretic et al., 1995) .
The TR-WGA signal and GFP-rab8Q67L were prominently colocalized over the Golgi and TGN (Figure 1 , E and F). It was our impression that the proportion of cytoplasmic fusion protein was generally somewhat higher than for GFPrab8WT; however, any differences were subtle. GFPrab8T22N was more difficult to visualize, because the only surviving rods were the small, arched rods located at the periphery of the retina. The majority of GFP-rab8T22N fusion protein appeared to be cytoplasmic, but did not enter nuclei (Figure 1, H and I ).
Rab822N Partially Blocks Docking of Post-Golgi Membranes
Transgenic tadpole photoreceptors were examined by electron microscopy. Rods expressing GFP-rab8WT and GFP-rab8Q67L resembled rods from nontransgenic retinas and had similar levels of intracellular vesicles (Figure 2 , A-C). We did not observe any gross morphological changes that might be caused by cytoskeletal rearrangements, as previously observed when rab8 and rab8Q67L were transfected and expressed in cultured fibroblasts (Peränen et al., 1996) . In contrast, the surviving peripheral rods expressing GFP-rab8T22N showed a large accumulation of tubulo-vesicular membranes adjacent to the PRC (Figure 2 , D and E). These most likely represent post-Golgi rhodopsin-bearing transport membranes accumulating in this region that were unable to dock with Figure 1 . Expression pattern of rab8WT, rab867L, and rab822N determined by fluorescence microscopy. Frozen sections of eyes from 6-week-old transgenic tadpoles were imaged by confocal microscopy. Selected sections were labeled with the nuclear stain Hoechst 33342 and either antirhodopsin mAb mabE followed by CY3-conjugated secondary antibody (A, B, and G) or TR-WGA (C-F, H, and I). In tri-color pictures, the GFP signal is represented in green, Hoechst stain in blue, and antibody or TR-WGA labeling in red. Grayscale images show only the GFP signal. For all three transgene constructs, green fluorescence was restricted to the major rod photoreceptors, whose OS bound mabE (A, B, and G). GFP fusion proteins were primarily observed in the IS of these rods. GFP-rab8WT did not cause retinal degeneration (A). However, both GFP-rab8Q67L (B) and GFPrab8T22N (G) caused central retinal rod degeneration as evidenced by the lack of green and red fluorescence in the central retinas in these tadpoles.
Retinal degeneration caused by GFP-rab8T22N was more extensive, sparing only a few peripheral rod photoreceptors. At higher magnification, the transgene products GFP-rab8WT and GFPrab8Q67L appeared to be primarily associated with internal membranes of the IS (C and E), although fluorescence was also observed in the cytoplasm of the IS, and to a lesser extent in the OS. Membrane-associated GFP-rab8WT and GFP-rab8Q67L colocalized with TR-WGA label (D and F), indicating that these fusion proteins were associated with Golgi and post-Golgi membranes. A bright spot of green fluorescence was often observed just below the IS/OS junction near the predicted location of the PRC (white arrows, C and J). In contrast, GFP-rab8T22N appeared to be primarily cytoplasmic (H and I). Imaging of GFP-rab8T22N was more limited because the only surviving rods were the small arched rods confined to the peripheral retina. GFPrab8WT was also observed along axially aligned structures in the IS (J, yellow arrowheads) and in the calycal processes that surround the OS (J, white arrowheads), but its relative abundance in calyces was low. Bars, A, B, and G, 250 m; C, D, E, F, H, and I, 5 m; J, 2.5 m.
O.L. Moritz et al. the plasma membrane. To evaluate this interpretation, fixed eyes were also embedded in LRW resin for EM immunocytochemical analysis with monoclonal antirhodopsin C-terminal antibody 11D5 (Deretic et al., 1991) and a gold-conjugated secondary antibody. The accumulated tubulo-vesicular membranes were heavily labeled by antirhodopsin, indicating that rhodopsin was present in these membranes at high density ( Figure 2F ). We did not observe any increase in antirhodopsin labeling of the IS plasma membrane, which typically contains very low concentrations of rhodopsin.
Expression of rab8T22N and rab8Q67L Kills Rod Photoreceptors
We further investigated the effects of the transgene expression on rod cell viability by examining the retinas of at least 10 primary transgenic tadpoles of each type, as well as nontransgenic animals. F1 offspring of transgenic founders were also examined, after screening for GFP expression. Tadpole eyes were fixed, paraffin embedded, and processed for routine hematoxylin and eosin staining. Tadpoles were killed at 14 dpf, except in the case of GFP-rab8T22N primary transgenics, where two animals were examined at 9 dpf, six animals at 12 dpf, and four at 14dpf, because preliminary fluorescence results (see above) led us to believe degeneration occurred very early in these animals. Retinal degeneration was scored when we observed a major reduction or complete absence of rods in areas of a retina in several adjacent sections. The results are summarized in Table 1 . Degeneration was observed in 20% of GFP-rab8WT-expressing primary transgenics, 55% of GFP-rab8Q67L-expressing primary transgenics, and 100% of GFP-rab8T22N primary transgenics. GFP-rab8WT eyes with retinal degeneration were described as very high level expressers on initial screening. Degeneration was not observed in offspring of nontransgenic adults or F1 littermates that did not Abundant tubulo-vesicular membranes accumulated in the region beneath the CC (indicated by brackets). (F) Similar region of a photoreceptor from a retina expressing GFP-rab8T22N processed for immuno-electron microscopy and labeled with antirhodopsin mAb 11D5, followed by a secondary antibody conjugated to 10-nm gold particles. The tubulo-vesicular membranes and OS membranes are heavily labeled by antirhodopsin. Note that the adjacent IS plasma membrane (arrowhead) is relatively unlabeled. IS, inner segment; OS, outer segment; m, mitochondria. Bar, 500 nm inherit the transgenes. We did not observe retinal degeneration in the F1 offspring of the GFP-rab8WT founder A, or GFP-rab8Q67L founder C. However, retinal degeneration was seen in fluorescence-positive F1 offspring of GFPrab8Q67L founder B, and both GFP-rab8T22N founders (D and E).
To demonstrate relative expression levels of the fusion proteins, eyes from F1 offspring screened for GFP fluorescence were fixed at 14 dpf, cryosectioned, and examined by confocal microscopy as described above. Confocal settings were held constant for all animals. Representative sections from F1 offspring are shown in Figure 3 . The results confirmed that GFP-rab8WT is relatively nontoxic, because the F1 offspring of founder A expressed the highest levels of fusion protein observed in this group, but had no degeneration ( Figure 3A ). Low levels of GFP-rab8Q67L (founder C, Figure 3C ) were also nontoxic, but in F1 offspring of founder B, GFP-rab8Q67L caused degeneration at expression levels below the GFP-rab8WT threshold for degeneration ( Figure  3B ). In contrast, even very low relative levels of GFPrab8T22N expression seen in offspring of founder E resulted in dramatic rod death ( Figure 3D ). Expression of high levels of GFP in X. laevis rods is not detrimental to photoreceptor viability and has not been observed to cause rapid retinal degeneration in other studies (Knox et al. 1998; Moritz et al. 1999; Tam et al. 2000) . To demonstrate the capacity to identify retinal degeneration in these animals before killing, we also photographed the eyes of these tadpoles at 6, 10, and 14 dpf (Figure 3 
Transgenic Expression of rab8 Reduces Expression of Endogenous rab8
The relative levels of expression of the fusion proteins and the endogenous rab8 in these retinas were compared by Western blot analysis. Right eyes from stage 51-54 primary transgenic animals expressing GFP-rab8WT and GFPrab8Q67L were bisected, and the retinas were removed and solubilized. Proteins were separated by SDS-PAGE and transferred to nylon membranes. Western blots were analyzed with the use of anti-GFP and anti-rab8 antibodies (Figure 4 ). The expression of the fusion proteins GFPrab8Q67L or GFP-rab8WT decreased the levels of the endogenous rab8 protein. The experiment was not attempted with eyes expressing GFP-rab8T22N, because the level of fusion protein expression was low and the extremely rapid rod death would most likely have confounded the results. The corresponding left eyes were sectioned and examined by microscopy. The GFP-rab8Q67L eyes were found to have a slight degeneration, but the GFP-rab8WT eyes had none, indicating that the observed decrease of intrinsic rab8 was not entirely due to fewer photoreceptors in the transgenic retina.
DISCUSSION
To study the role of rab8 in rod photoreceptor rhodopsin transport, we expressed GFP-rab8 fusion proteins in transgenic X. laevis rods. Expression of mutant rab8 proteins caused photoreceptor cell death. To determine whether GFP-rab8WT or mutant variants interfered with normal transport processes, we examined transgenic retinas by electron microscopy. Surviving peripheral rods expressing the GFP-rab8T22N dominant negative mutant developed a dramatic increase in tubulo-vesicular membranous structures immediately adjacent to the PRC. These structures contained rhodopsin and probably represent rhodopsin-bearing postGolgi membranes that did not fuse with the PRC. However, we did not observe any increase in rhodopsin levels in the IS plasma membrane, a phenotype observed with C-terminal mutations of rhodopsin (Sung et al., 1994; Tam et al., 2000; Green et al., 2000) . These experiments did not reveal transport abnormalities in GFP-rab8Q67L or GFP-rab8WT expressing cells. Only GFP-rab8T22N had dramatic effects on intracellular compartments.
Previously, Peränen et al. (1996) observed alterations in cellular morphology when rab8WT or rab8Q67L were overexpressed in cultured BHK fibroblasts. Comparable changes 
Summary of results from H&E histology of primary transgenic animals and F1 offspring. All animals were sacrificed at 14 dpf, except for GFP-rab8T22N primary transgenics, where two animals were sacrificed at 9 dpf, six animals at 12 dpf, and four at 14 dpf. Retinal degeneration was observed only in animals expressing fusion protein (GFP expression ϩ) and not in nonexpressing offspring of transgenic animals (GFP expression Ϫ), or offspring of nontransgenic animals. Figure 3 . F1 offspring of transgenic frogs expressing either GFP-rab8T22N or GFP-rab8Q67L have an inherited retinal degeneration; relative toxic effects of the various fusion proteins. F1 offspring expressing the various transgene constructs were obtained from several primary transgenic adults. Eyes of individual F1 tadpoles were imaged at 6, 10, and 14 dpf with the use of a standard fluorescence microscope (left panels). The animals were sacrificed at d 14, and frozen sections of the eyes were stained with TR-WGA (red) and Hoechst nuclear stain (blue). Stained sections were imaged by confocal microscopy with the use of identical laser amplitude and detector gain settings for each image (center panels), avoiding saturation of the GFP signal (green). The GFP fluorescence intensities are therefore comparable between the various images. To the right of the confocal image, the GFP fluorescence is represented as a three-dimensional profile, where the height of the peaks corresponds to the signal intensity in arbitrary fluorescence units. The GFP fluorescence intensity is also represented by a color scale (blue, low intensity; red, high intensity). Retinas of offspring of founder A, which expressed relatively high levels of the GFP-rab8WT fusion protein (A), had little or no degeneration, similar to nontransgenic control animals (E). Significant depletion of rods was seen in the F1 offspring of founder B, which expressed high levels of the GFP-rab8Q67L fusion protein (B), although some central rods survived. The surviving (younger) peripheral rods expressed the fusion protein at levels similar to or lower than the GFPrab8WT-expressing retinas (A). F1 offspring of founder C expressed GFPrab8Q67L fusion protein at a lower level (C) and did not have retinal degeneration, demonstrating that lower levels of this fusion protein are less toxic. F1 offspring of founder E expressed GFPrab8T22N and had severe retinal degeneration with only peripheral rods remaining, despite expressing very low relative levels of fusion protein that were almost undetectable at this level of sensitivity (D). Numerous closely apposed cones were still present, and the layers of the inner retina were of normal thickness. Fusion protein could be easily detected with more sensitive microscope settings (see Figure 1 ). Interestingly, it was possible to diagnose retinal degeneration in these tadpole eyes by observing the decrease in fluorescence with time (B and D, left panels) in contrast to eyes without degeneration where fluorescence levels increased or remained constant (A and C, left panels). Bar, 100 m.
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in photoreceptors did not develop. In fibroblasts, microtubules and actin filaments were reorganized, resulting in cellular protrusions. VSV-G protein, normally targeted basolaterally in polarized epithelia, was preferentially delivered to the protrusions. Neither membrane protrusions nor other alterations in the plasma membrane of transgenic photoreceptors were evident by fluorescence or electron microscopy. Furthermore, when stained with fluorescent phalloidin, the prominent actin cytoskeleton of the photoreceptors appeared unchanged. This may reflect a fundamental difference in the ability of photoreceptors and fibroblasts to reorganize their cellular architecture. Peränen et al. (1996) found little or no effects with the rab8T22N mutant on cultured fibroblasts. By contrast, this mutant generated exaggerated phenotypes in frog rods, consisting of accumulation of post-Golgi membranes and cell death. This difference may be due to the relatively enormous flow of membrane to the OS. Based on the previous study (Peränen et al., 1996) , overexpression of rab8WT or rab8Q67L might be expected to accelerate transport. However, rhodopsin transport to the photoreceptor OS may be close to physical limits, and therefore little effect was seen. In contrast, inhibition of docking at the PRC by rab8T22N had dramatic and disastrous consequences.
The GFP-rab8WT fusion protein was relatively nontoxic to rods and probably retained rab8 function. Photoreceptors were able to survive in these retinas for weeks to months. Furthermore, we observed reduction of endogenous rab8 in GFP-rab8WT-expressing retinas, which in other respects appeared normal, suggesting that GFP-rab8WT was able to substitute for the missing endogenous protein or that diminished levels of endogenous rab8 were sufficient for normal function. It is not clear why levels of endogenous rab8 were reduced; possible explanations include a feedback loop regulating rab8 expression at the promoter level, as previously reported for genes such as Period and Gal (Lakin-Thomas 2000, Lohr et al., 1995) . Overexpression of fusion proteins may have suppressed the activity of the rab8 promoter, whereas fusion protein expression from the rhodopsin promoter was unaffected. Alternatively, excess rab8 not involved in function-related interactions may have been targeted for proteolytic degradation. It will be interesting to determine whether similar effects are seen with other fusion proteins in this system.
The intracellular localization of GFP-rab8WT to Golgi and post-Golgi membranes resembled the localization of rab8 previously described by Deretic et al. (1995) in Rana berlandieri frog rods, where rab8 is found on intracellular membranes and is associated with actin microfilaments of the inner segment and calycal processes. However, Deretic et al. found that endogenous rab8 was relatively abundant in calycal processes. We found GFP-rab8WT in calycal processes, but levels were low relative to internal membranes. This discrepancy may be due to overexpression of GFPrab8WT in the transgenic frogs, producing a somewhat aberrant distribution, subtle differences in the properties of rab8 and GFP-rab8WT, or differences in the capacity of antibody labeling to detect Golgi vs. calycal rab8. Despite minor differences, the distribution of GFP-rab8WT resembled the previously described localization of endogenous rab8 in frog rods and other cell types (Huber et al., 1993a) .
The intracellular distribution of the fusion protein supports the interpretation that GFP-rab8WT retained rab8 function. Rab proteins are associated with various (but not all) membrane compartments, yet the mechanism of membrane attachment (geranyl-geranylation of conserved C-terminal cysteine residues) is probably the same for all rabs (Khosravi-Far et al., 1991; Kinsella and Maltese 1991; Joberty et al., 1993) . GFP-rab8WT was not found associated with membranes of the ER, OS, mitochondria, or nuclear envelope. This suggests that GFP-rab8WT does not bind indiscriminately, but interacts with specific membrane components and that this specificity is not altered by fusion of rab8 to the C terminus of GFP. Similar findings were reported for a GFP-rab6 fusion protein (White et al., 1999) .
The intracellular distribution and toxicity of the mutant fusion proteins differed from GFP-rab8WT, suggesting that the mutations altered their interactions with membranes as well as their functional capabilities. GFP-rab8WT was membrane associated to a large extent and caused degeneration only at very high levels of expression. Like GFP-rab8WT, GFP-rab8Q67L was associated with Golgi and post-Golgi Figure 4 . Expression of GFP-rab8WT and GFP-rab8Q67L downregulates the expression of endogenous rab8 in transgenic tadpoles. Equivalents of 1/8 of the retinas isolated from stage 51 tadpoles were subjected to SDS-PAGE and immunoblotted with anti-rab8 antibody (left panel) and anti-GFP antibody (right panel). In addition to a 23-kDa protein recognized by anti-rab8 antibody, transgenic retinas contain a 50-kDa protein that is also recognized by anti-GFP. The expression of GFP-rab8WT fusion protein under the control of the X. laevis rhodopsin promoter does not exceed that of endogenous rab8 as measured in the nontransgenic retina. However, the amount of the endogenous rab8 in these tadpoles is Ͻ50% of the nontransgenic animal. Therefore, the total content of rab8 (endogenous plus the fusion protein) is ϳ1.5-to 2-fold higher than in the nontransgenic animals. In GFP-rab8Q67L tadpoles endogenous rab8 is also reduced to similar levels (Ͻ50% of control) as in GFP-rab8WT animals, and the fusion protein is in a threefold excess over the endogenous rab8. Because of the progressive retinal degeneration in GFP-rab8Q67L animals, the contribution of rod photoreceptors is lower than that in the retinas expressing GFP-rab8WT protein.
O.L. Moritz et al. membranes, although possibly to a lesser extent than GFPrab8. By contrast, GFP-rab8T22N appeared completely cytoplasmic. Furthermore, the mutant fusion proteins caused more aggressive retinal degeneration than GFP-rab8WT, again suggesting functional defects in both mutants. The fact that their intracellular distributions also differed suggests rab8 function is intimately associated with intracellular membrane localization.
Our observation that photoreceptors expressing GFPrab8Q67L were relatively long-lived and did not accumulate post-Golgi membranes at the PRC suggests that cycling of rab8 between GTP-and GDP-bound forms may not be crucial to its intracellular trafficking functions. Rather, this may be the mechanism for recycling rab8 between membrane compartments, as previously suggested by others (Richardson et al., 1998) . The role of rab8 in trafficking of post-Golgi membranes may not be dependent on hydrolysis of GTP, but is dependent on membrane association. Continuous synthesis of sufficient quantities of fusion protein in GFPrab8Q67L retinas may have made recycling of rab8 unnecessary. It is also possible that residual GTPase activity in GFP-rab8Q67L was sufficient to allow relatively normal function when GFP-rab8Q67L was overexpressed. The equivalent mutations in sec4p and ypt1 reduce maximal GTPase activity to 30% and 4% of wild type, respectively (Walworth et al., 1992; Richardson et al., 1998) . However, there was clearly some defect in GFP-rab8Q67L, as evidenced by the more aggressive cell death relative to GFPrab8WT retinas. One possibility is that a factor necessary for normal cell function that interacts with multiple targets (including rab8-GTP) binds to GFP-rab8Q67L, thereby preventing other interactions crucial for cell survival. A similar mechanism could be invoked to explain the retinal degeneration caused by high-level expression of GFP-rab8WT.
Because GFP-rab8T22N was mostly cytoplasmic, the relative defect in membrane fusion at the PRC may result from the inability of GFP-rab8T22N to couple to membranes. Repression of endogenous rab8 expression might then account for the defect that resulted in accumulation of tubulovesicular membranes adjacent to the PRC. Alternatively, a rab8-interacting factor may have bound to the cytoplasmic fusion protein, thereby preventing its participation in membrane-trafficking events. Such a factor might be rab-GDP dissociation inhibitor, which functions in rab recycling, binding to rab-GDP to prevent association with membranes. Another possibility is that a rab8-interacting protein, such as a guanine nucleotide exchange factor, was titrated into the cytoplasm by GFP-rab8T22N, preventing interaction with endogenous rab8 and inhibiting its function.
The retinal degenerations induced by GFP-rab8T22N and GFP-rab8Q67L are the first amphibian models of inherited retinal degeneration. The degenerations differ in their severity, but are similar in that they affect the central retina, whereas peripheral rods are spared. This central-to-peripheral pattern of degeneration most likely reflects the need for the X. laevis eye and retina to increase substantially in size as the animal grows, by adding new photoreceptors at the periphery (Hollyfield, 1971) . The surviving rods in these degenerations are therefore the youngest in the retina.
Human retinal degenerations are unlikely to be caused by rab8 mutations, because rab8 is ubiquitously expressed and probably essential for viability. However, it is possible that retina-specific rab8 interaction partners exist, and defects in such proteins could provoke similar cell death. Furthermore, the mechanism of rod death may not be critical in generating a useful disease model. Many inherited retinal degenerations are caused by mutations in rod-specific genes such as rhodopsin. Despite expression of the mutant rhodopsin only in rods, cone photoreceptors also die, usually lagging behind rod death (Berson, 1993) . Because cones are responsible for the majority of human visual function, except under conditions of extremely dim illumination, it is the death of cones that causes blindness. The interaction between rod and cone cell death is difficult to study in transgenic mice and rats, which are nocturnal animals and have few cones. In contrast, the X. laevis retina contains large numbers of cones (Peters et al., 1983; Rohlich et al., 1989) . Preliminary results suggest that cone death eventually occurs in the GFP-rab8T22N retinas as a late event, and therefore these tadpoles may constitute a useful disease model of secondary cone loss.
Identification of downstream rab effector proteins will be necessary to determine the exact role of rabs in membrane trafficking. Current hypotheses for rab8 function suggest that rabs provide specificity in transport pathways (Gonzalez and Scheller, 1999) . SNARE proteins most likely mediate vesicle docking and fusion (Sollner et al., 1993) and can catalyze this process in vitro (Weber et al., 1998) . Although unique SNARE combinations are present in different transport pathways, SNARE proteins may not be responsible for the fidelity of vesicle transport. Rather, SNARE proteins appear to determine the specificity of fusion (McNew et al., 2000; Scales et al., 2000) . Rab proteins may provide specificity by guiding transport vesicles to appropriate docking sites, and may have multiple effectors. Potential rab8 effectors include cytoskeletal elements, molecular motors involved in vesicle movement, and proteins present at the vesicle docking site, including factors that tether membranes before final docking and fusion catalyzed by SNARE interaction (Waters and Pfeffer, 1999; Guo et al., 2000) . Strong candidates for rab8 effectors include a stress-activated protein kinase (Ren et al., 1996) and the vesicle tethering complex known as sec6/8 or exocyst, specifically the sec15p subunit (Guo et al., 1999) . In polarized MDCK epithelial cells and neurons, the sec6/8 complex is present at sites of vesicle fusion with the plasma membrane (Grindstaff et al., 1998; Hazuka et al., 1999) . Interestingly, the actin network is essential for sec6/8 localization to exocytic sites , and in photoreceptors both endogenous rab8 and GFP-rab8WT colocalize with actin filaments (Deretic et al., 1995 and Figure 1J ). Consistent with the potential role for sec6/8 in rhodopsin trafficking, the phenotype of GFP-rab8T22N (shown in Figure 2 , D-F) suggests a defect in tethering of rhodopsin-bearing post-Golgi membranes. It will be interesting to determine which rab8 interaction partners are crucial in photoreceptors and whether novel interaction partners adapted to high rates of membrane turnover are present. The transgenic X. laevis approach may also prove useful in the study of these proteins.
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